1. Introduction {#s0005}
===============

1.1. Attention-Deficit/Hyperactivity Disorder and obsessive-compulsive disorder {#s0010}
-------------------------------------------------------------------------------

Attention-Deficit/Hyperactivity Disorder (ADHD) affects 3--8% of children worldwide and 4% of adults ([@bb0065]), and is defined by age-inappropriate problems with inattention, impulsivity and hyperactivity ([@bb0020]).

Obsessive-compulsive disorder (OCD) has a lifetime risk of 2--3% ([@bb0540]). The key symptoms are obsessions, defined as recurrent and intrusive thoughts (e.g., on themes of contamination, checking, orderliness and symmetry), and compulsions, i.e. repetitive, ego-dystonic and time-consuming behavioural and mental rituals (e.g., repetitive washing or checking) ([@bb0020]). ADHD and OCD are frequently comorbid in young people and have been shown to share familial and genetic risk factors ([@bb0210], [@bb0315]), although the majority of the genetic risk is thought to be disorder-specific, rather than shared ([@bb0420]).

1.2. Sustained attention and underlying brain networks {#s0015}
------------------------------------------------------

Sustained attention refers to the ability to voluntarily maintain the focus of attention for infrequently occurring critical events ([@bb0390], [@bb0660]). Neurofunctionally, it is dependent on the interplay of four canonical brain networks ([@bb0320], [@bb0335]). First is the "task-positive" central executive network consisting of dorsolateral prefrontal cortex (DLPFC), inferior frontal gyrus (IFG), lateral parietal, and dorsal striato-thalamic regions, which is engaged during tasks requiring the active maintenance of attention toward external stimuli, mediates goal-directed selection of stimuli and responses, and is associated with adaptive performance on sustained attention tasks ([@bb0175], [@bb0410]). The task-positive ventral attention network, consisting of IFG and the temporo-parietal junction (TPJ), and the salience network, consisting of anterior insula and middle/dorsal anterior cingulate cortex (mACC/dACC), are involved in detecting behaviourally relevant cues, and engage the central executive network and disengage the default mode network according to perceived environmental demands ([@bb0120], [@bb0320], [@bb0550]). The "task-negative" default mode network consists of anterior/ventromedial prefrontal cortex (A/VMPFC), anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), precuneus, and inferior temporal regions which are proposed to mediate internally generated cognition such as mind-wandering and rumination ([@bb0100]). This network is usually deactivated during cognitive tasks ([@bb0435], [@bb0440]). Activation in task-positive networks is typically anti-correlated with that in the default mode network, and a failure to adequately disengage default mode network activation is associated with poorer sustained attention performance, presumably due to an increase of self-referential thoughts at the expense of exteroceptive goal-directed attention ([@bb0140], [@bb0145], [@bb0475]).

1.3. Sustained attention in ADHD and OCD {#s0020}
----------------------------------------

Sustained attention has been found to be impaired in ADHD ([@bb0260], [@bb0300], [@bb0310], [@bb0350], [@bb0495], [@bb0480], [@bb0675]) and OCD ([@bb0005], [@bb0035], [@bb0050], [@bb0060], [@bb0345], [@bb0445], [@bb0590], [@bb0650]). Both disorders have also been linked to increased spontaneous mind-wandering ([@bb0355], [@bb0560], [@bb0555]), which is proposed to reflect an imbalance between task-positive and default mode networks ([@bb0140], [@bb0335]), and to underlie poor performance on sustained attention tasks, as attention is focused on internal thoughts, thereby limiting attention resources available for task-relevant processing ([@bb0640]). Moreover, both ADHD and OCD patients self-report impaired executive attention abilities ([@bb0025], [@bb0040], [@bb0230], [@bb0310], [@bb0365], [@bb0595]).

In ADHD, poor concentration is a symptom of the disorder ([@bb0020]) associated in particular with poor educational and workplace performance ([@bb0645]). In OCD, difficulty in sustaining attention toward external goal-relevant stimuli is a plausible neurocognitive mechanism which may underlie difficulties in disengaging from internally generated obsessional thoughts, which are hypothesised to be mediated by the default mode network ([@bb0560], [@bb0625]). However, the extent to which sustained attention performance is associated with shared and disorder-specific neural dysfunctions in ADHD and OCD is unknown. Shared neural dysfunction during sustained attention would suggest that alterations in sustained attention networks are a transdiagnostic mechanism in ADHD and OCD, while largely distinct neural abnormalities would suggest that disorder-specific neural mechanisms are associated with difficulties in maintaining attentional focus in the two disorders.

1.4. Neuroimaging evidence in ADHD and OCD {#s0025}
------------------------------------------

ADHD patients show reduced recruitment in task-positive (insula/IFG/DLPFC/striatum/cerebellum) regions and increased default mode (ACC/PCC/precuneus) activation during attention tasks ([@bb0140], [@bb0170], [@bb0250], [@bb0335], [@bb0490], [@bb0505]). The IFG, in particular, is a key region in ADHD, which has been shown to be reliably underactive across multiple tasks of cognitive and attention control ([@bb0160], [@bb0245], [@bb0250], [@bb0285], [@bb0475]). It has been found to be disorder-specific relative to OCD ([@bb0510]), as confirmed in a meta-analytic comparison of 541 ADHD and 287 OCD patients during inhibitory control tasks ([@bb0370]) as well as relative to bipolar disorder ([@bb0395], [@bb0400]) and conduct disorder ([@bb0465], [@bb0515], [@bb0500], [@bb0505]) during cognitive control and attention tasks.

Patients with OCD demonstrate abnormalities in task-positive and default mode connectivity at rest ([@bb0430], [@bb0615], [@bb0690]), and deficits in switching between default mode and task-positive networks during cognitive tasks ([@bb0150], [@bb0625]). In particular, increased A/VMPFC activation has been reported in OCD at rest ([@bb0330], [@bb0690]), during symptom provocation ([@bb0085], [@bb0455]) and during cognitive tasks ([@bb0015], [@bb0085], [@bb0385], [@bb0610], [@bb0620]) suggesting that OCD symptoms may be associated with a failure to adequately regulate activity in this default mode region ([@bb0015], [@bb0615], [@bb0625], [@bb0610], [@bb0620]). Abnormalities have also been reported in the salience network, which is hyperactive to errors ([@bb0610]), emotional stimuli ([@bb0055]), and during symptom provocation ([@bb0085]), but shows decreased negative connectivity with the default mode network at rest ([@bb0430], [@bb0615]). Furthermore, functional alterations in central executive network regions such as DLPFC, dorsal striatum and cerebellum have been reported previously in OCD during cognitive tasks ([@bb0235], [@bb0275], [@bb0385], [@bb0685]), and structural abnormalities in these regions are found reliably in OCD ([@bb0130], [@bb0680], [@bb0370]). Finally, in our recent comparison of adolescents with autism, adolescents with OCD and age matched healthy controls during sustained attention, patients with OCD showed a disorder-specific pattern of progressively decreasing activation in salience/ventral attention regions including left insula/IFG, as well as progressively increasing activation in default mode region the A/VMPFC with increasing attention load, relative to autism and healthy control groups ([@bb0125]).

1.5. Aims and hypotheses of the present study {#s0030}
---------------------------------------------

In this study, we aimed to conduct the very first direct comparison of neurofunctional task-positive and default mode network abnormalities in paediatric ADHD and OCD during sustained attention. For this purpose, we used a parametrically modified sustained attention task with three levels of sustained attention load ([@bb0140], [@bb0360], [@bb0295], [@bb0125]). We purposely chose a relatively simple sustained attention task that is modelled on a sensorimotor vigilance task in order to probe attention networks in the context of relatively intact or minimally impaired task performance ([@bb0140], [@bb0295], [@bb0360], [@bb0125]). We hypothesised that both disorders would show reduced activation in task-positive regions, as well as decreased deactivation within the default mode network relative to controls ([@bb0125], [@bb0140]), but that IFG underactivation would be more pronounced or disorder-specific to ADHD patients ([@bb0370], [@bb0535], [@bb0510]), while A/VMPFC hyperactivation would be more pronounced or disorder-specific in OCD relative to ADHD patients ([@bb0015], [@bb0085], [@bb0125], [@bb0385], [@bb0610], [@bb0620]).

2. Materials and methods {#s0035}
========================

2.1. Participants {#s0040}
-----------------

Sixty (20 ADHD, 20 OCD, 20 controls) right handed ([@bb0375]) male adolescents aged between 12 and 18 years participated, with an IQ \> 70 as measured by the Wechsler Abbreviated Scale of Intelligence-Revised (WASI-R) short form ([@bb0665]). Non-comorbid ADHD boys were recruited from local child and adolescent mental health services (CAMHS), met DSM-IV criteria for inattentive/hyperactive-impulsive combined subtype, as assessed using the standardized Maudsley diagnostic interview ([@bb0220]), and scored above clinical cut-off on the Conner\'s Parent Rating Scale-Revised (CPRS-R) ([@bb0155]) and the inattention/hyperactivity scale of the parent strength and difficulty questionnaire (SDQ) ([@bb0225]). Thirteen boys were medication naïve, while 7 were receiving psychostimulant medication. Medicated ADHD patients underwent a 48 h washout period prior to scanning. A consultant psychiatrist excluded comorbidity with other disorders, including OCD. Non-comorbid OCD boys had clinical diagnoses of OCD, and were recruited from a national specialist clinic for child and adolescent OCD and local CAMHS. OCD diagnosis was made by a psychiatrist/clinical psychologist in accordance with ICD-10 criteria after an in-depth, semi-structured interview between patient and clinician was used to administer an expanded version of the Children\'s Yale-Brown Obsessive Compulsive Symptom checklist ([@bb0545]). Absence of comorbidity, including comorbid ADHD, was confirmed by a consultant psychiatrist. Sixteen OCD boys were medication naïve, while four were being treated with SSRI medication. Further, one of these four patients was receiving risperidone as an augmentation treatment. Control participants had no diagnoses of any psychiatric conditions, scored below clinical cut-offs on the SDQ, and were recruited using local advertising. Exclusion criteria included comorbid psychiatric disorders, medical disorders affecting brain development, drug/alcohol dependency, head injury, abnormal brain structural MRI findings and MRI contraindications. Only boys were studied due to preponderance of males in adolescent ADHD and OCD populations, and to achieve greater homogeneity across participants and groups ([@bb0205], [@bb0670]). Data for controls, patients with OCD and 12 out of 20 patients with ADHD have been published elsewhere ([@bb0125], [@bb0140], [@bb0360]).

Ethical approval was obtained from the local Research Ethics Committee (05/Q0706/275), and the study was conducted in accordance with the Declaration of Helsinki. Study details were explained to both child and guardian. Written informed consent was obtained for all participants.

2.2. Sustained attention task {#s0045}
-----------------------------

The sustained attention task ([@bb0125], [@bb0140], [@bb0295], [@bb0360]) is a variant of psychomotor/vigilance and delay tasks ([@bb0180]) and requires participants to respond with a right-handed button press as quickly as possible and within 1 s to a visual stimulus (a timer counting up in milliseconds). The timer appears after either short, predictable, consecutive delays of 0.5 s in series of three to five stimuli (240 trials total) or after unpredictable delays of 2, 5, or 8 s (20 trials each). Trials involving longer delays were pseudorandomly interspersed into the 0.5 s series after at least three 0.5 s trials. The long, infrequent, unpredictable delays require greater sustained attention load which increases with increasing length of delay, while the short, predictable 0.5 s trials are typically anticipated and therefore place a higher demand on sensorimotor synchronisation ([@bb0140], [@bb0360]). Each participant practiced the task once in a mock scanner before scanning ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1Schematic representation of the Sustained Attention Task (SAT). Participants are required to press a right-hand button as soon as they see a timer appear on the screen. The counter appears after either predictable short delays of 0.5 s in series of three to five trials or after unpredictable delays of 2, 5, or 8 s, which are pseudorandomly interspersed into the 0.5 s series after at least three short delay trials. The long, infrequent, unpredictable delays require greater sustained attention, while the predictable 0.5 s delays place a higher demand on sensorimotor synchronisation.Fig. 1

2.3. Analysis of performance data {#s0050}
---------------------------------

To examine differences in performance, 3 (group) × 3 (sustained attention load) within-between repeated measures ANOVAs were used. The dependent variables were reaction time, reaction time variability, and omission errors.

2.4. fMRI image acquisition {#s0055}
---------------------------

The fMRI images were acquired at King\'s College London, Institute of Psychiatry\'s Centre for Neuroimaging Sciences on a 3T General Electric Signa Horizon HDx MRI scanner (GE Healthcare, UK) using the body coil for radio frequency transmission and a quadrature birdcage headcoil for radio frequency transmission and reception. In each of 22 non-contiguous planes parallel to the anterior--posterior commissure, 480 T2\*-weighted MR images depicting BOLD (blood oxygen level dependent) contrast covering the whole brain were acquired with echo time (TE) = 30 ms, repetition time (TR) = 1.5 s, flip angle = 60°, in-plane voxel size = 3.75 mm, slice thickness = 5.0 mm, slice skip = 0.5 mm). A whole-brain high resolution structural scan (inversion recovery gradient echo planar image) used for standard space normalisation was also acquired in the inter-commissural plane with TE = 40 ms, TR = 3 s, flip angle = 90°, number of slices: 43, slice thickness = 3.0 mm, slice skip = 0.3 mm, in-plane voxel size = 1.875 mm, providing complete brain coverage.

2.5. fMRI data analysis {#s0060}
-----------------------

### 2.5.1. fMRI data analysis methods {#s0065}

Event-related activation data were acquired in randomized trial presentation and analysed using the non-parametric XBAM software package developed at the Institute of Psychiatry, Psychology and Neuroscience, King\'s College London ([www.brainmap.co.uk](http://www.brainmap.co.uk){#ir0005}; ([@bb0080]). XBAM was used because its non-parametric approach overcomes many of the issues associated with parametric software packages (e.g., poor control of FWE-corrected false positive cluster-wise inference rates) ([@bb0110], [@bb0190]).

### 2.5.2. Individual analysis {#s0070}

Data were first processed to minimize motion-related artefacts ([@bb0105]). A 3-D volume consisting of the average intensity at each voxel over the entire experiment was calculated and used as a template. The 3D image volume at each time point was then realigned to this template by computing the combination of rotations (around the *x*, *y* and *z* axes) and translations (in *x*, *y* and *z*) that maximised the correlation between the image intensities of the volume in question and of the template (rigid-body registration). Following realignment, data were then smoothed using a Gaussian filter (full-width at half-maximum (FWHM) 7.2 mm) to improve the signal-to-noise ratio of the images ([@bb0105]). Following motion correction, global detrending, spin-excitation history correction and smoothing, time series analysis for each subject was conducted based on a previously published wavelet-based resampling method for fMRI data ([@bb0115], [@bb0110]). At the individual-subject level, a standard general linear modelling approach was used to obtain estimates of the response size (beta) to each of the sustained attention load (2, 5 and 8 s trials) conditions against the 0.5 s blocks, which were modelled as an implicit baseline. Trials were modelled from the initiation of the delay period until the participant responded with a button press during the counter period. Only correct trials were included in the analysis. We first convolved the main experimental conditions with 2 Poisson model functions (peaking at 4 and 8 s). We then calculated the weighted sum of these 2 convolutions that gave the best fit (least-squares) to the time series at each voxel. A goodness-of-fit statistic (SSQ ratio) was then computed at each voxel consisting of the ration of the sum of squares of deviations from the mean intensity value due to the model (fitted time series) divided by that of the squares due to the residuals (original time series minus model time series). The appropriate null distribution for assessing significance of any given SSQ ratio was established using a wavelet-based data re-sampling method and applying the model-fitting process to the resampled data ([@bb0115]). The aim was to achieve a global (image-wide) permutation based threshold for forming clusters at p \< 0.05 at the first stage of cluster analysis. We did this by permuting 20 times per voxel and combining permutations over the whole brain, resulting in 20 null parametric maps of SSQ rations for each subject, which were combined to give the overall null distribution of SSQ ratio. As there are approximately 50,000 intra-cerebral voxels in our analysis, this means that we used around 1,000,000 combined permutations to form a global threshold for the first stage of our cluster analysis. This same permutation strategy was applied at each voxel to preserve spatial correlation structure in the data. Individual SSQ ratio maps were then affine transformed into standard space, by first mapping the fMRI data onto a high-resolution inversion recovery image of the same subject, and then by normalising onto a Talairach template ([@bb0630]).

### 2.5.3. Group analysis {#s0075}

A group-level activation map was produced for each group for each contrast by calculating the median observed SSQ ratios at each voxel in standard space across all subjects and testing them against the null distribution of median SSQ ratios computed from the identically transformed wavelet-resampled data ([@bb0080], [@bb0115]). ANOVAs were conducted using randomization-based tests for voxel- or cluster-wise differences ([@bb0110]). The voxel-level threshold was first set to p \< 0.05 to give maximum sensitivity and to avoid Type II errors, as in order to maximize detection power we used the highest threshold that we have shown previously to give good type I error control at cluster level under the null hypothesis ([@bb0110]). Next, a cluster-level threshold was computed for the resulting 3D voxel clusters in such a way as to produce less than one false positive 3D cluster per map. The necessary combination of voxel and cluster level thresholds was not assumed from theory but rather was determined by direct permutation for each dataset, giving excellent type-I and type-II error control ([@bb0110]). Cluster mass rather than a cluster extent threshold was used to minimize discrimination against possible small, strongly responding foci of activation ([@bb0110]). For the between-group comparisons, a 3 × 3 ANOVA (three levels of sustained attention load, three groups) was conducted testing for group, sustained attention load and group by sustained attention load interaction effects. For group and group by sustained attention load interaction analyses, less than one false positive cluster per map was expected at p \< 0.05 for voxel and p \< 0.02 for cluster comparisons. In large clusters, we identified local maxima that were further apart than the upper bound of the likely Talairach mapping error (3 voxel radius: 10 mm) ([@bb0635]), and voxels were then assigned to the nearest local maximum with a statistical value that exceeded that of the voxels.

Additional regions of interest (ROI) analyses were performed based on a priori hypotheses. A single ROI search space was based on regions expected to differ between patient groups. This included the default mode network regions A/VMPFC (Talairach coordinates: 0,50,− 4; 18 mm radius sphere) ([@bb0615]), and precuneus (extracted from the Talairach atlas using XBAM), the central executive and ventral attention network regions the IFG (BA 44/45/47) and DLPFC (BA 8/9/46), and the salience network regions the anterior insula (Talairach coordinates: ± 35,14,5; 18 mm radius sphere) ([@bb0615]) and mACC (Talairach coordinates: 0,10,47; 18 mm radius sphere) ([@bb0615]). Within this search space, less than one false positive cluster per map was expected at p \< 0.05 for voxel and p \< 0.05 for cluster comparisons.

Statistical measures of BOLD response (SSQ) for each participant were then extracted in each of the significant clusters and post-hoc least significance difference *t*-tests (correcting for multiple comparisons) were conducted to identify between-group differences.

### 2.5.4. Exploratory brain-behaviour and brain-performance correlations {#s0080}

Statistical BOLD response from regions that showed a significant group by delay effect were extracted, and, collapsing across 2, 5 and 8 s levels of sustained attention load, were correlated with task performance, age and symptom scores within each group. We further performed exploratory examinations within each group for significant negative correlations between activation from task-positive regions and default mode activation from regions showing a significant group by sustained attention load effect.

3. Results {#s0085}
==========

3.1. Participant characteristics {#s0090}
--------------------------------

There were no significant group differences in age, but IQ was significantly lower in ADHD ([Table 1](#t0005){ref-type="table"}). This was to be expected as ADHD is associated with lower IQ ([@bb0090]). However, IQ was not covaried in the first instance as covarying for differences between groups that were not randomly selected violates ANCOVA assumptions ([@bb0340]). Nonetheless, supplementary analysis was performed covarying for IQ to rule out that IQ was a confounding factor (see below).Table 1Participant characteristics.Table 1ControlsADHDOCDSig.N202020--Age15.4 (1.43)15 (1.28)15.76 (1.43)F(2,57) = 1.46, p = 0.24IQ117.75 (12.10)101.7 (14.61)117.7 (13.36)F(2,57) = 9.5, p \< 0.001C,OCD \> ADHDSDQ hyperactivity/inattention2 (1.71)8.16 (1.38)4.4 (3.03)F(2,54) = 37.78, p \< 0.001ADHD \> OCD \> CCY-BOCS......22.32 (5.97)Conner\'s T...81.2 (9.95)...[^2]

3.2. Performance data {#s0095}
---------------------

There were no significant main effects of delay or significant group by delay interactions on reaction time, reaction time variability or omission errors (p \> 0.1). There was a main effect of group for reaction time (F(2,57) = 4.66, p = 0.013), driven by ADHD boys who showed slower reaction times relative to both controls (p = 0.005) and patients with OCD (p = 0.028), and for reaction time variability (F(2,57) = 10.43, p \< 0.001), which was increased in ADHD patients relative to controls (p \< 0.001) and OCD patients (p = 0.002), but not for omission errors (F(2,57) = 0.871, p = 0.424). Results remained unchanged after controlling for IQ (see Supplementary Table 2 and Supplementary Figs. 1--2).

3.3. Motion {#s0100}
-----------

There were no significant group differences in mean Euclidian displacement of x, y, z movement parameters (F(2, 57) = 0.04, p = 0.96).

3.4. Main effect of sustained attention load {#s0105}
--------------------------------------------

When pooled, all participants showed significant main effect of delay in bilateral DLPFC, IFG, insula, cingulate, temporal lobe, parietal lobe, cerebellum, basal ganglia, thalamus and hippocampal gyri (Supplementary Fig. 3).

3.5. Main effect of group {#s0110}
-------------------------

Whole-brain ANOVA split-plot analysis showed a significant main effect of group in bilateral cerebellum, lingual gyrus, cuneus (Supplementary Table 2, Supplementary Fig. 4). Post-hoc analyses showed that ADHD patients showed disorder-specific left cerebellum (anterior lobe, culmen) underactivation relative to controls and OCD patients. OCD patients showed disorder-specific increased activation in bilateral cerebellum (posterior lobe, culmen, declive/vermis/anterior lobe, culmen), lingual gyrus, and cuneus relative to ADHD patients and controls.

3.6. Group by sustained attention load interaction {#s0115}
--------------------------------------------------

Whole-brain ANOVA split-plot analysis group by sustained attention load interaction effects were significant in left insula/ventral IFG, left DLPFC/dorsal IFG, mACC, left caudate/putamen, bilateral cerebellum/occipital/parahippocampus/hippocampus, right precuneus and bilateral dACC ([Table 2](#t0010){ref-type="table"}, [Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}). Follow-up *t*-tests revealed that decreased left insula/ventral IFG activation was shared in ADHD (p = 0.018) and OCD (p \< 0.001) relative to controls, and due to progressively increased activation in this region in controls with increasing sustained attention load but progressively decreased activation with increasing sustained attention load in both patient groups. A region of right cerebellum (posterior lobe, inferior semilunar lobule) showed increasing activation with increasing sustained attention load in controls, but not in ADHD (p = 0.063, trend) and OCD (p = 0.029) patients. Decreased recruitment of left DLPFC/dorsal IFG was driven by ADHD patients who showed progressively decreased activation with increasing delays relative to controls (p = 0.001) and OCD patients (p = 0.022) who showed progressively increased activation with increasing sustained attention load. Findings in mACC (controls, p \< 0.001; ADHD, p = 0.01), left caudate/putamen (controls, p = 0.011; ADHD, p = 0.007) and regions of right cerebellum (posterior lobe, uvula/declive/tonsil) were driven by disorder-specific progressively decreasing activation with increasing sustained attention load in OCD patients relative to controls (uvula, p = 0.026; declive, p = 0.027; tonsil, p = 0.003) and patients with ADHD (uvula, p = 0.006; declive, p = 0.001; tonsil, p = 0.046). A further cluster in the tonsil sub-region of the cerebellum showed a similar pattern between OCD and controls (p = 0.42), but was only trend level significant in comparison with patients with ADHD (p = 0.065). Activation in bilateral cerebellum (posterior lobe, declive/vermis)/occipital lobe was progressively increased in OCD with increasing sustained attention load relative to controls (p = 0.004) and ADHD patients (p \< 0.001). Left cerebellum (anterior lobe, culmen)/parahippocampus/hippocampus was progressively increased in activation in OCD relative to ADHD (p = 0.012), and part of right precuneus showed increasing activation with increasing sustained attention load in OCD but progressively decreasing activation with increasing sustained attention load in controls (p = 0.018). Right and left dACC and right precuneus were increased in activation in ADHD relative to controls (right dACC, p = 0.066, trend; left dACC, p = 0.023; right precuneus, p = 0.005) and patients with OCD (right dACC, p = 0.005; left dACC, p = 0.023; right precuneus, p = 0.004), who showed progressive deactivation in these regions with increasing sustained attention load.Fig. 2Horizontal slices showing whole-brain split plot analysis of variance (ANOVA) effects of group by sustained attention load interactions on brain activation. Thresholded at p \< 0.05 for voxel and p \< 0.02 for cluster comparisons. The right side corresponds to the right side of the image.Fig. 2Fig. 3Statistical measures of BOLD response are shown for each of the three groups for each of the brain regions that showed a significant group by sustained attention load effect. (a) Shows findings shared in ADHD and OCD, (b) shows findings disorder-specific in ADHD, and (c) shows findings disorder-specific in OCD.Fig. 3Table 2ANOVA group by sustained attention load interaction effect on brain activation between ADHD, OCD and healthy boys.Table 2Brain regions of activationBAPeak Talairach coordinatesVoxelsCluster p-valueC \> ADHD,OCDL insula/IFG[a](#tf0005){ref-type="table-fn"}13/44/45− 40,4,− 21140.001R cerebellum (posterior lobe, inferior semilunar lobule)18,− 70,− 46360.005  OCD \< C, ADHDmACC24/23/6− 4,0,31870.001L caudate/putamen− 18,0,15190.05R cerebellum (posterior lobe, uvula)33,− 63,− 24910.001R cerebellum (posterior lobe, declive)36,− 81--18930.001R cerebellum (posterior lobe, cerebellar tonsil)33,− 19,− 46310.005R cerebellum (posterior lobe, cerebellar tonsil)36,− 44,− 35700.001  OCD \> ADHD,CL & R cerebellum (posterior lobe, declive/vermis), lingual gyrus/cuneus17/187,− 74,− 132000.001L cerebellum (anterior lobe, culmen)− 22,− 33,− 24600.005L cerebellum (anterior lobe, culmen)− 11,− 52,− 131670.001  ADHD \< C, OCDL DLPFC/IFG9/46/44/45− 40,30,261440.001  OCD \> CR precuneus711,− 59,31550.05  ADHD \< OCDL cerebellum (anterior lobe, culmen), parahippocampus/hippocampus− 11,− 22,− 18750.05  ADHD \> C,OCDR precuneus/superior occipital[a](#tf0005){ref-type="table-fn"}7/1933,− 74,37550.001R dACC33/247,19,20590.002L dACC33/24− 4,11,20390.05[^3][^4][^5]

The ROI analysis showed an additional cluster in the A/VMPFC (Talaraich coordinates, 0,67,− 2; BA 10/11, 28 voxels, p \< 0.05) which was disorder-specifically increased in activation with increasing sustained attention load in OCD relative to ADHD and control boys (p = 0.002). See [Fig. 4](#f0020){ref-type="fig"}.Fig. 4(A) Horizontal slices showing split plot analysis of variance (ANOVA) effects of group by delay interactions within ROI search space. Circled is the A/VMPFC cluster. Thresholded at p \< 0.05 for voxel and p \< 0.05 for cluster comparisons The right side corresponds to the right side of the image. (B) Statistical measures of BOLD response are shown for each of the three groups for the A/VMPFC cluster that showed a significant group by delay effect within the ROI search space.Fig. 4

All group by sustained attention load effects remained after covarying for IQ. See Supplementary Fig. 5.

3.7. Exploratory brain-behaviour and brain-performance correlations {#s0120}
-------------------------------------------------------------------

Collapsing across 2, 5 and 8 s levels of sustained attention load, activation in right cerebellum (posterior lobe, cerebellar tonsil) positively correlated with reaction time (r(18) = 0.789, p \< 0.001) and reaction time variability (r(18) = 0.620, p = 0.004) within controls. Only the correlation with reaction time survived correction for multiple comparisons using the Benjamini and Hochberg method ([@bb0045]). Within the ADHD group, activation in left insula/ventral IFG correlated positively with reaction time (r(18) = 0.455, p = 0.044) and reaction time variability (r(18) = 0.457, p = 0.043). In OCD patients, a significant positive correlation was found between reaction time and activation in right cerebellum (posterior lobe, inferior semilunar lobule) (r(18) = 0.508, p = 0.022), left putamen/caudate (r(18) = 0.473, p = 0.035), mACC (r(18) = 0.532, p = 0.016), and left dACC (r(18) = 0.446, p = 0.049). However, these findings did not survive correction for multiple comparisons.

There were no significant correlations between CY-BOCS scores and brain activation in the group difference clusters in the OCD patients. There was a significant negative correlation between scores on the SDQ inattention/hyperactivity scale and right cerebellum (posterior lobe, cerebellar tonsil) activation in ADHD patients (r(17) = − 0.528, p = 0.02), although this did not survive correction for multiple comparisons.

Within controls, increasing age was associated with decreasing activation in right uvula region in the cerebellum (r(18) = − 0.522, p = 0.012). Within patients with OCD, increasing age was associated with decreasing activation in right cerebellum (posterior lobe, inferior semilunar lobule) (r(18) = − 0.563, p = 0.01) and left caudate/putamen (r(18) = − 0.516, p = 0.02). No findings survived correction for multiple comparisons.

To test whether task-positive network regions were anti-correlated with regions of the default mode, we conducted correlations between activation in left DLPFC/dorsal IFG, left insula/IFG, and mACC with activation in A/VMPFC, dACC and right precuneus separately within each group. Within controls, activation in DLPFC/dorsal IFG had a significant negative correlation with activity in A/VMPFC (r(18) = − 0.507, p = 0.023) and in left dACC (r(18) = − 0.467, p = 0.038), and mACC activation had a significant negative correlation with A/VMPFC (r(18) = − 0.482, p = 0.032). Greater activation in left insula/ventral IFG was associated with decreased activation in right precuneus in ADHD (r(18) = − 0.615, p = 0.004) and OCD (r(18) = − 547,p = 0.013). In ADHD patients alone, activation in left insula/ventral IFG and mACC had significant positive correlations with left dACC (left insula/IFG; r(18) = 0.573, p \< 0.001, mACC; r(20) = 0.489, p = 0.029), while left insula/ventral IFG activation had a significant positive correlation with right dACC activation (r(18) = 0.550, p = 0.012). In OCD patients, activation in the mACC had a significant negative correlation with activation in right precuneus (r(18) = − 0.455, p = 0.044) and positive correlations with bilateral dACC (left; r(18) = 0.684, p \< 0.001; r(18) = 0.678, p = 0.001). Only the correlations between mACC and dACC in OCD survived correction for multiple comparisons.

4. Discussion {#s0125}
=============

This study investigated shared and disorder-specific neurofunctional abnormalities in patients with ADHD and with OCD during a sustained attention task. Patients with ADHD and OCD shared underactivation in left insula/ventral IFG and right cerebellum. However, they also showed disorder-specific brain dysfunction in frontal regions of attention networks as well as in frontal regions of the default mode network. Patients with ADHD showed disorder-specific progressively decreased activation with increasing delay relative to healthy control and OCD boys in key task-relevant central executive regions of left DLPFC/dorsal IFG while OCD patients showed progressively decreased activation with increasing delay in salience network region, the mACC. In dACC, controls and OCD patients showed progressively decreased activation with increasing delays while ADHD patients did not show this pattern. On the other hand, in A/VMPFC, OCD patients showed progressively increased activation with progressive delays, while controls showed progressive deactivation with increasing delays in this region.

4.1. Task-positive dysfunction in paediatric ADHD and OCD {#s0130}
---------------------------------------------------------

Decreased recruitment of task-positive DLPFC/dorsal IFG regions in ADHD is in line with previous studies of sustained attention in the disorder ([@bb0140], [@bb0170], [@bb0490], [@bb0505]), as well as with evidence that decreased IFG grey matter volume (GMV) predicts poor sustained attention performance in ADHD ([@bb0425]). Previous research has shown disorder-specificity in ADHD in the IFG during attention tasks relative to conduct disorder ([@bb0500], [@bb0505]), and during inhibitory control tasks relative to conduct disorder ([@bb0515]), bipolar disorder ([@bb0395], [@bb0400]) and OCD ([@bb0370], [@bb0510]), while underactivation of left DLPFC during sustained attention has been found previously relative to patients with autism ([@bb0140]). The current results extend these previous findings of disorder-specific underactivation in ADHD patients in left lateral prefrontal regions by demonstrating disorder-specificity relative to OCD in left DLPFC/dorsal IFG during sustained attention, and provide further evidence that IFG underactivation during attention and inhibition tasks is a biomarker more closely associated with ADHD than to other childhood disorders ([@bb0535]). Findings of shared underactivation in ventral IFG, but disorder-specific underactivation in dorsal IFG in ADHD, are consistent with evidence that sub-regions of the IFG have distinct patterns of structural and functional connectivity, with the dorsal portions of the IFG being more closely integrated with central executive network regions, including adjacent DLPFC ([@bb0030]). Underactivation in left DLPFC/dorsal IFG may be related to a maturational delay, as these regions have been found to be delayed in structure and function in ADHD patients ([@bb0535], [@bb0570], [@bb0605]).

Patients with OCD showed disorder-specific underactivation relative to ADHD in mACC, extending previous evidence for decreased activation during cognitive tasks and GMV in this region compared to healthy controls ([@bb0135], [@bb0275], [@bb0385], [@bb0510], [@bb0685]) by showing disorder-specificity relative to ADHD. Disorder-specific underactivation in this region relative to ADHD is in line with our recent meta-analysis which found medial prefrontal underactivation and decreased GMV to be disorder-specific in OCD relative to ADHD ([@bb0370]). Findings of disorder-specific mACC underactivation in OCD and DLPFC/dorsal IFG underactivation in ADHD therefore support accounts proposing that primary prefrontal deficits in ADHD are in dorsal and especially inferior lateral prefrontal cortex, while primary prefrontal deficits in OCD are within medial prefrontal cortex ([@bb0370], [@bb0535]).

Both ADHD and OCD boys shared underactivation in left insula extending into ventral IFG. The insula and ventral IFG are key task-positive regions and the central hubs of the salience and ventral attention networks involved in switching from the default mode network to the central executive network on the basis of stimuli indicating the need for external attention ([@bb0120], [@bb0320], [@bb0325], [@bb0550]), or based on a need to supress mind-wandering and remain vigilant for upcoming stimuli ([@bb0255], [@bb0280]). In ADHD, insufficient activation of the insula and ventral IFG has been reported previously during sustained attention ([@bb0170], [@bb0490], [@bb0505]), attention allocation ([@bb0500], [@bb0485]), and inhibitory control tasks ([@bb0160], [@bb0250], [@bb0285], [@bb0510], [@bb0500]), and has been proposed to underlie decreased task-related salience and resultant heightened distractibility ([@bb0370]). In OCD, heightened insula related activation is reported to errors ([@bb0610]) during affective processing ([@bb0055]), and during symptom provocation ([@bb0085], [@bb0450]), although there is some evidence for decreased activation during cognitive tasks ([@bb0125], [@bb0235], [@bb0270], [@bb0685]). Findings are also in line with resting-state fMRI evidence showing decreased negative connectivity between insula and default mode network regions including A/VMPFC ([@bb0430], [@bb0615]) and decreased insula, but increased A/VMPFC activity at rest in OCD ([@bb0690]).

Interestingly, we showed recently in our comparative meta-analysis that underactivation of the insula/ventral IFG during inhibitory control was disorder-specific to patients with ADHD relative to patients with OCD ([@bb0370]), while a posterior insula/putamen cluster was increased in activation in OCD, whereas in the current study reduced insula/ventral IFG activation was shared. Discrepant findings are likely due to differences in task conditions. Insula/ventral IFG deficits in OCD may be dependent on conditions that invite greater DMN, such as long delays ([@bb0145], [@bb0255]), an interpretation which is supported by findings of decreases in insula activation and increases in default mode activation with increasing delays in OCD.

4.2. Default mode network dysfunction in paediatric ADHD and OCD {#s0135}
----------------------------------------------------------------

Both groups showed increased activation within the default mode network, supporting accounts wherein deficient switching from default mode to task-positive networks underlies problems with sustained attention in ADHD and OCD ([@bb0125], [@bb0140], [@bb0335], [@bb0600], [@bb0615], [@bb0625]). Findings are consistent with a role for attention lapses caused by poor control over default mode network mediated task-unrelated thoughts ([@bb0435]), which have been shown to occur more often in both patient groups ([@bb0355], [@bb0560], [@bb0555]), and to be associated with poor sustained attention performance ([@bb0640]). In ADHD, disorder-specific reduced deactivation was seen in dACC. In contrast, in OCD, disorder-specific alterations were found in A/VMPFC, which showed disorder-specific increases in activation with increasing delays. Both patient groups showed increased activation relative to controls in portions of the precuneus. Patients with ADHD have previously shown reduced deactivation of the ACC during cognitive tasks ([@bb0195], [@bb0290], [@bb0335], [@bb0415]). Shared hyperactivity in the precuneus in both disorders is in line with previous research in ADHD ([@bb0140], [@bb0170], [@bb0185], [@bb0290], [@bb0505]) and OCD ([@bb0275], [@bb0385], [@bb0460]). The A/VMPFC is a key region of DMN that is also a commonly implicated region in OCD. It has shown increased activity at rest ([@bb0330], [@bb0690]), during symptom provocation ([@bb0085], [@bb0450]), and during cognitive tasks ([@bb0015], [@bb0085], [@bb0385], [@bb0610], [@bb0620]) in OCD patients. Furthermore, in a meta-analytic comparison of VBM studies, disorder-specific increased GMV was found in paediatric OCD relative to paediatric ADHD ([@bb0370]). Given its role in internally generated thought and its hyperactivation in OCD, it could be hypothesised that A/VMPFC is a plausible correlate of intrusive obsessions, which is poorly controlled by task-positive networks during sustained attention. In sum, increased activation in posterior default mode network region the precuneus during sustained attention may be a shared feature of both disorders, although perturbations in separate anterior default mode network regions appear to be largely disorder-specific during sustained attention.

4.3. Cerebellar dysfunction in paediatric ADHD and OCD {#s0140}
------------------------------------------------------

Patients with OCD showed increased activation relative to controls and patients with ADHD in medial cerebellum, but showed decreased activation in lateral cerebellum, whereas ADHD patients showed disorder-specific decreased activation in a distinct portion of medial cerebellum. As in previous studies of attention tasks in ADHD, cerebellar underactivation correlated with ADHD symptoms ([@bb0165], [@bb0485]), although his finding did no survive correction for multiple comparisons. Patient groups shared underactivation in a portion of inferior cerebellum relative to controls. The cerebellum forms part of central executive, ventral attention, salience and sensorimotor networks, although its role in each of these is poorly understood, making the current findings difficult to interpret ([@bb0240]). Patients with OCD and with ADHD have shown both increased and decreased cerebellar activation in previous studies using cognitive tasks ([@bb0275], [@bb0385], [@bb0495], [@bb0505], [@bb0685]), and these findings, along with the ones presented here, are likely a result of as yet poorly defined cerebellar functional heterogeneity.

4.4. Behavioural findings {#s0145}
-------------------------

Unlike our initial work using the SAT, we did not find a significant main effect of sustained attention load on reaction time in patient groups or controls ([@bb0140]). We showed recently that reaction time in the SAT decreases with increasing age ([@bb0360]), and samples in the earlier study were, on average, younger than the ones included here. Discrepant behavioural finding might therefore be explained by differences in age between studies, and the current negative findings are consistent with recent reports using this task ([@bb0125], [@bb0295]).

Relatedly, only patients with ADHD showed a performance difference relative to controls, with slower response times and greater reaction time variability, consistent with previous research ([@bb0140], [@bb0260]). Previous meta-analyses and a systematic review of sustained attention tasks in OCD adults have reported significant behavioural deficits relative to controls ([@bb0005], [@bb0050], [@bb0575]). However, the current negative result is in line with previous studies that have examined sustained attention in OCD youths ([@bb0305], [@bb0580]). Neuropsychological impairments are more prominent in adult than paediatric OCD ([@bb0005], [@bb0010]), which may reflect altered developmental trajectories and a failure to maintain age normative cognitive performance with increasing demands ([@bb0010]). Alternatively, negative findings may be due to the relatively simplified nature of the SAT when compared with the more commonly used continuous performance task, which also features distractor stimuli and places higher demands on working memory and inhibitory control ([@bb0140], [@bb0490], [@bb0505]). The sustained attention task is modelled on a sensorimotor vigilance task and was purposely designed to elicit brain activation during different attention loads while being easy enough to thus allow for attention networks to be probed in the context of relatively intact task performance ([@bb0140], [@bb0360], [@bb0295], [@bb0125]). Deficits in brain activation may be a more sensitive measure of abnormalities in cognitive brain networks than behavioural performance in this simplified task, as normal performance in OCD patients can be maintained when demands are low despite neural dysfunction ([@bb0385], [@bb0685]).

4.5. Potential implications {#s0150}
---------------------------

Although both disorders show alterations in default mode and task-positive functional brain networks, patterns of dysfunction were largely disorder-specific with impairments in different regions of these networks. The findings thus suggest that attention performance in the two disorders is underpinned by different neurofunctional substrates. Consequently, broadly defined shared alterations in networks supporting sustained attention are unlikely to explain heightened comorbidity between disorders. The findings of largely disorder-specific neurofunctional abnormalities during attention functions also have treatment implications for pharmacological or non-pharmacological therapies such as neuromodulation in the form of fMRI neurofeedback and brain stimulation, as they would imply different neurofunctional targets for the two disorders.

4.6. Limitations {#s0155}
----------------

Most previous neuroimaging studies in OCD have investigated adult samples, and those which have tested OCD in children and adolescents have tended to use highly comorbid ([@bb0200], [@bb0265], [@bb0270]) or largely medicated ([@bb0095], [@bb0200], [@bb0265], [@bb0270], [@bb0510], [@bb0525], [@bb0685]) samples. The current study therefore contributes to the field by examining neural abnormalities associated with OCD, without the confounding effects of comorbid disorders, long-term symptom exposure, and medication exposure on neural structure and function. However, maturational effects on brain development are in progress over the course of adolescence and early adulthood ([@bb0070], [@bb0215], [@bb0405], [@bb0470], [@bb0520], [@bb0530]), and increasing age during the transition between adolescence to adulthood is associated with increasing task-positive and decreasing DMN activation during sustained attention in healthy subjects ([@bb0360], [@bb0585]). Moreover, meta-analytic evidence suggests that underactivation in lateral prefrontal cortex may be more widespread in adult than paediatric ADHD ([@bb0250], [@bb0370]), while evidence of greater neuropsychological performance deficits in adult OCD compared with paediatric OCD may be indicative of worsening neural deficits over the course of development in the disorder ([@bb0005], [@bb0010]). Recent research has also indicated altered structural development in ADHD and OCD patients ([@bb0075], [@bb0370], [@bb0570]). Potential alterations in developmental trajectories therefore mean that the current findings are not generalizable beyond paediatric patients with ADHD and OCD, and future work should examine developmental trajectories of functional brain development in ADHD and OCD and also provide comparisons between the disorders across the lifespan.

A further limitation of the study is that the ADHD group had a lower mean IQ relative to the other groups. However, lower IQ is typical for this population ([@bb0090]), and the results remained when we covaried for IQ. Second, although an advantage of the study is that only four (20%) of the OCD patients were receiving medication, seven (35%) patients with ADHD were receiving psychostimulant medication, which may have mitigated group differences ([@bb0370], [@bb0535]), although patients received a 48-hour washout period, which is \> 10 times the half-life of the drug. Due to preponderance of males in adolescent OCD and especially ADHD populations, only male participants were included in the current analysis ([@bb0205], [@bb0670]). Differences in structural and functional brain development exist between males and females ([@bb0070], [@bb0215], [@bb0405], [@bb0470], [@bb0520], [@bb0530]), and gender differences in brain structure and function abnormalities have been reported in ADHD ([@bb0380], [@bb0565], [@bb0655]). Therefore, while including only boys increased homogeneity of the samples, it also means that findings are not generalizable to girls with ADHD or OCD. A further point is that we interpret failures of default mode deactivation based on neuroanatomical overlap with previous work ([@bb0615], [@bb0335], [@bb0435]), as well as findings in the current study that these brain regions showed deactivation during task performance and/or significant negative correlations with task-positive regions in controls. However, alternative explanations, for instance that increased activation served as compensatory strategies in patient groups, are also plausible. Finally, although the sample size of twenty per group is relatively large compared with much of the existing paediatric ADHD and OCD fMRI literature, it may still be underpowered, and future work should aim to confirm these findings in larger samples.

4.7. Summary and conclusions {#s0160}
----------------------------

In summary, sustained attention performance in patients with ADHD and OCD was associated with largely disorder-specific patterns of activation abnormalities in task-positive attention control and default mode network regions. Consistent with previous research, deficits in lateral prefrontal (DLPFC/IFG) regions important for goal-directed attention and behaviour were disorder-specific to ADHD relative to controls and OCD, while deficits in mACC were disorder-specific to OCD. In the default mode network, both groups showed overactivation in different regions of the precuneus, while dACC overactivation was disorder-specific to ADHD and A/VMPFC overactivation was disorder-specific to OCD. Shared underactivation in salience and ventral attention network regions the insula and ventral IFG suggests shared deficits in switching attention from interoceptive to exteroceptive focus. The results are consistent with findings originating from the field of behaviour genetics, according to which ADHD and OCD symptom liability appears to be determined to a greater extent by disorder-specific genetic influences, underlining that these disorders are not alternative phenotypic expressions of the same underlying genetic liability ([@bb0420]).
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